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Indications of New physics In
Fermion Pair Production

Sabine Riemann (DESY Zeuthen)

LCWS200
Fermilab
October 24 - 28, 2000

Outline:
e Sensitivity w/o et polarization
e New Physics:

— Contact interaction, extra dimensions
_ 7!

— Exchange of leptoquarks/squarks

— Comparison LC and LHC



ete” — ff at LC:

interference of virtual v and Z exchange with NP

do do(SM) do(v®@ NP,Z® NP) do(NP)

dcosb ~ dcosb + dcosf * d cos

o(v® NP,Z ® NP): main contribution to
potential deviations from SM expectations

Already studied:
e 7': sensitivity, resolution power
e Cl, Extra Dimensions
e LQ, ¢: sensitivity above kin. limit

e details see DESY 123/A...E, Talks &
proceeedings at workshops and conferences and
ref. therein

HERE:
e gain with polarization of positrons

e 'realistic’ error scenarios

e Comparison with LHC

S. Riemann LCWS2000 1



Contact Interaction

Four-fermion contact interaction

general framework to describe interactions beyond
the SM

2

Lepr~ > I (e es) (Fer" fir)

i,k=L,R A

Model L "RR LR "RL
LL +1 0 0 0
RR 0 +1 0 0
LR 0 0 +1 0
RL 0 0 0 41
VV +1 41 1 +1
AA +1 41  F1  F1
VO +1 41 0 0
A0 0 0 +1 1

A~ A/mx

3. Riemann LCWS2000 2



C.I. Limits from LEP2

LEP2:

e errors of o, Arp statistically dominated

o ce — up: AN>7.2.20 TeV
ee > uu: NA>2.2.16TeV
ee >dd: NAN>22.16 TeV
ee >qq: A>3.4..8TeV

Extrapolation to higher energies:

Tr
A TX ~ (Line % s)M*

Expect at LC improvement at least by factor ~ ¥~ & !
BUT:

Limitation by syst. errors

A~ (Lint X 5)1/4 x [1+ (Asysﬁﬂsmﬂﬂ 174

S. Riemann LCWS2000 5



Polarization and Sensitivity

With e™ polarization: P,—, P.+ = P;

| o Pﬁ+
P=1"p7p.

Pe+ = 0.8, Pe+ = 0.6: P=0.95
P+ =0.8, P+ =0.4: P=0.91

o Assume: AP is the dominating syst. error in
A1 r measurement;

AArr = £/ (ButarALR)? + (AsystArLR)?

® A%LIL? ~ 6%, ASthAIJ’y’ MOQ%
A%qR _ 45%, ASthA%qR %01%

o AP.—. AP, should be smaller than 1% !!

S. Riemann LOWS2000 6



Expected Sensitivity from ee — uu

1000 fb', P =0.8, ee -
AP/P=0% AP/P=0.5%
4200 Asys=0 I]]Eu_:\\ e} z%,{ T AE05%, { B
P +=0.4: Y ar=029% (B aL=059% N

||||||||||||||||"‘"|'_1||1||||llli|

||||l||l|“_m]m‘|llII|IIIF|IT|I|I[||I

0 25 50 75 100 125 150
[TeV]

LHC is not sensitive to eeup contact interction
AP/P = 1% or 0.5% is not important

S. Riemann LCWS2000 b3



CP-violating ZZh Coupling
at Linear Colliders*

Tao Han, UW - Madison

(The 5" Linear Collider Workshop,
FNAL, Oct. 26, 2000)

I. General parameterization
Z Zh coupling

II. e"’e‘ —~ete h
Zh versus ZZ fusion

III. CP-odd observables

*T. Han and J. Jiang, in preparation.




I. General parameterization
The most general vertex function for ZZh

Z%(p)

Z'(p,)

2
U —
b (p1P% — p1 - P2g"")+b *P7py ,pos]

Y (p1,pp) = i~ hla M2ZgH"+

a=1, b=5b=0 for SM.
In general, a, b, b complex form factors,
describing new physics at a higher scale.

a, b terms: CP-even;
b term: CP-odd <« goal for this study:.



III. CP-odd observables
With longitudinally polarized beams, under CP:

M__(q1,32) = My (—a2,—q1); (1)
M_4 (1, 2) > M_4 (=@, —q1). (2)
Define CP-odd angle:

1;4_' LI I LINLIL I T T | T 1T | LI I_ _l T 11 I llllllll l IIIIIIII 1
- (a) Fusion: e*e »e*e"h (b)
! /
Y o dL o~ .
- odd " .
12— ! bz I
b - ]
'“*-I.. B .
D L N
o
g 1.0 —
rd -
~.
b
o
0.8 SM+CP odd -
i even 1T i
o Leiiiy] | | IR | I I
0.0 02 04 06 08 00 02 04 08 08 1.0



Based on Eg. (1), construct:

Apel =0—— —04 4
Based on Eq. (2), construct:

— F B
AF‘B—UM_I_—O'__'_

0.50

I -0.50
lllllllllltllllllllllI|II I

—-0.4 —-02 0.0 0.2 0.4

dash: assuming 100% ete polarization;
solid: realistic pol. e~eT : (90%, 65%).

error bars for 500 fb—1.
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Potentials of Linear Colliders in Stoponium
Searchs

D.S. Gorbunov (INR, Moscow)
and
V.A. Ilyin (SINP MSU, Moscow)

e Stoponiums could exist. Two scenaria in MSS5M with stoponium.
e Stoponium search at PLC. Stoponium factory in case of 2nd scenario.
e Some prospects to observe stoponium at eTe™ collider.

e Stoponium at muon collider: excelent possibilities to study couplings.
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Signals of new vector resonances
at future colliders

Daniele Dominici

Fermilab, 26 October 2000

Outline

s Motivations

o A model with vector and axial vector particles : «uenerate in
mass

e Signals and bounds from LHC
¢ Indirect effects at TESLA

s Studying the properties of the resonances at a multi-Tev col-
lider

e Conclusions



A model with vector and axial-vector resonances was
formulated several years ago

Casalbuoni,De Curtis,D.,Feruglio,Gatto (1989)

The symmetry group is G' = G ® H|,,,, = Hp where
G=5U(2)L®SU(2)r Hp = SU(2)v

H?

oea = SU(2),®5U(2) r with gauge fields L, R, (triplets)
SSB of @ = Hp gives 3 x4—-3=9 GB
e 6 are absorbed by L,, R, which get mass

e 3 give mass to W and Z when part of G is pmméted
to local EW gauge symmetry

Taking the same gauge coupling constant g” for L,, R,
we end with two more parameters

My, b, g2

with t_h@ vector_and axial-vector resonances deﬂ_zmd as



Degenerate BESS model

Casalbuoni,Deandrea,De Curtis,D.,
Feruglio,Gatto,Grazzini (1995)

Choose the parameters in the BESS model Lagrangian
in such a way that

MV — MA z=1
the symmetry is enhanced to
[SU(2)L ® SU(2)r]Ji0bai®

So this special case is protected by an additional custodial
See also the parity doubling in Appelquist,Da Silva,Sannino
(1999)

| Features of the model

o M; = Mp= M (apart from EW corrections)

e DECOUPLING
In the limit M — oo one recovers the SM Lagrangian
('fO!’ My — G\U}

o L,, R, are NOT coupled to w*,z (the GB eaten up
by W*,Z), in QCD dictionary gprr = gpar =0 —
the L,, R, decays in W, W, are suppressed
Unlike other schemes of SEWSRE, the W, W, final
state is not enhanced




Is it possible to avoid the stringent bounds
from LEP?

Deviations with respect to SM can be encoded in the
S, T,U (e1,€2,e3) parameters. Peskin, Takeuchi (1990), Altarelli,
Barbieri (1991)
Dispersive representation for e3:

g% [®ds

— 9 [ “limnyy — Imn ]
€3 4 5 52[ Vv AA

Peskin, Takeuchi (1990)
where Myyaa) = (Jv@a)Jv(a))
Assume vector meson dominance:
Im“vvmm(ﬁ) - “WQEF(;@{)%S(*S - Mlﬁ(m)

gv(ay is the coupling of V(A) to Jyu

E3=£[g% e gi]
4 LME M3

In QCD-scaled TC models, using Weinberg sum rules

gv = ga, M% = QME- and KSFR g% = 2112M$-, we get
e3 =~ 0.0008 Nt Ny which is ruled out by the experiments.

U

A possibility for e3 = 0 is g4 = gy Ma = My that is
vector and axial-vector resonances |degenerate|in mass
and couplings.

Meaningful ONLY if a further symmetry protects the
degeneracy.




Bounds from the e-parameters fit
The D-BESS has very loose bounds from the existing

experimental data: e — 0 for M=
Calculation to the next-to-leading order:
2 4 A
€1 = m(—j‘itgiﬁ-)( €n = w—ch €3 = —X
Cg

double suppression factor

To compare to the experimental data consider for D-
BESS the same radiative corrections of the SM with

my = N =1 TeV (neglect corrections)
g/gll
200 800 1400 2000
0.5 ——r——r— : e 1 05
04 | Excluded at 1 04
95% CL
0.3 1 0.3
02 4 02
0.1 1 0.1
0.0 L L Lo 0.0
200 800 1400 2000
M(GeV)

Experimental values from all High-Energy data fit:
€1 = (3.92+1.14) x 1073, &3 = (—9.27 +1.49) x 1073,
e3 = (4.19 4 1.00) x 1073 (Altarelli (1999))



e The Degenerate BESS is a hon renormalizable model,
described by an effective lagrangian.
It is a non linear realization of the spontaneous sym-
metry breaking. Scalar particles are absent.

¢ A renormalizable realization The model contains in
addition to the vector states scalar fields and it is
renormalizable. This allows to discuss the decou-
pling also at the radiative corrections level.

Casalbuoni,De Curtis,D.,Grazzini (1997)

Gauge symmetry

SU(2)r ®U(1) ® SU(2), ® SU(2)%,
du
SU ( 2) weak X U ( 1 ) ¥
b
U(1)em
The scale u =< L >=< R >= 2/2M/q".
For u = oo one recover the SM.
e parameters ~ X ~ O(v?/u?).

A best fit to the ¢ parameters gives

1.3x107?°< X <2x10°
for 170.1 < m(GeV) < 181.1, 70 < my(GeV) < 1000.
Remember

o IT&F
X =222( ”)



X
;-
6 i m = 181.1 GeV m, = 175.6 GeV
sLo =
. L
L Smemre L
al

0 | .200 400 600| I800I | IIOOO

my(GeV)

Casalbuoni,De Curtis,D.,Gatto,Grazzini (1998)

o Upper part: the SM 2.
Lower part: the decoupling model y? with X corre-
sponding to the best fit.

e Correspondingly the 95% CL bound on mpy goes
from ~ 200 GeV to ~ 1 TeV



We have considered the following LC configurations:
LC500 : +/s(GeV) = 500, L(fb~1) = 1000
LC800 : /s(GeV) = 800, L(fb~1) = 1000

with P(e™) = 80%

IF NO DEVIATIONS are seen within the statistical and
systematic errors, a combined x? analysis gives bounds
on the parameter space of D-BESS

0.595% e 20 20 00
: 95% CL |
04 | 1 04
./ LEP i
03 F 03

02 | / 0.2

01 |
i LCBOO j
00 Lo ] g
500 1000 1500 2000 2500 3000
M(GeV)

Compare with the bounds from LHC (only studied for
M <2 TeV):

optimistic scenario = LHC is superior for any g/g¢”, a
LC with higher c.o.m. energy is needed to compete
conservative scenario—= LHC and LC800 are comparable
worst scenario — L C500 is superior to LHC for any g/g”

21



D-BESS at CLIC

Physics generator (PYTHIA 6) + CLIC Beam Energy
Spectrum (ISR, Beam energy spread, beamstrahlung)

M.Battaglia
I
O xio0 L
0.7 -
06 +—
¢
0.5 —
®
04 — - ry [ ]
i @ ®
02 N ® o
- o ® 00 _'—l_
01 — 1
i I
L  —
0 =7, | s o0 0 Lo e L
3000 3020 3040 3060 3080 3100 3120 3140 3160
E_ (GeV)

M=3TeV, g/¢g" =02, AM = 84 GeV
r, =12 GeV, [, = 8.2 GeV
Mp, = 3035 GeV, M. — 3118 GeV
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Electroweak symmetry breaking and extra dimensions

Talk by Hsin-Chia Cheng (Univ. of Chicago)
N. Arkani-Hamed, H.-C. Cheng, B. Dobrescu, L. Hall, hep-ph /0006238

Observed fermions and gauge bosons in extra dimensions:

SU(3)c x SU(2)w x U(1l)y are attractive strongly-coupled
interactions in certain fermion—anti-fermion channels.

Standard Model quantum numbers = most attractive
channel i1s a composite up-type Higgs doublet!

With 2 extra dimensions:

relative
scalar | made SU(3)xSU(2)xU(1) | binding binding for
of representation strength | §; = g2 = g3
Hy, Q.U (1,2, +1/2) 305 + 207 1
Hp | ©,D_ (1,2, — 1/2) 202 — g2 0.93
q QD¢ (3,2,41/6) 292 + Lg? 0.5
X o uc (3,2, — 5/6) 243 — 1501 0.43
Hg L. E_ (1,2, —1/2) 342 0.21
q LU (3,2,+1/6) 142 0.14
q" L .D_ (3,2,+1/6) L2 0.07
X' QLE_ (3,2, — 5/6) S TH 0.07




Predictions of the minimal model in extra dimensions
N. Arkani-Hamed, H.-C. Cheng, B. Dobrescu, L. Hall, hep-ph/0006238
Infrared fixed points: m; and M, predictions from the

RGE are rather insensitive to the unknown effects of the
strongly coupled theory at the ultraviolet scale.

Top mass in GeV for 6 dimensions Higgs mass in GeV (or 6 dimensions
50 t T ' T T 50 [

150

150

160 B L

170 |
L/R ¢ 1/R s
(TeV) | 180 . (TeV)

¢l

[

\ 1
0.3 I , I X | : : 0.5 1 i

50 100 150 200
NKK

140 GeV < my < 220 GeV, 165 GeV < M < 210 GeV

I |
150 200

Experimental signals:

Kaluza-Kiein modes of all Standard Model particles, and
other possible bound states (in addition to the Higgs boson).

2 extra dimensions: two Higgs doublet model below 1/R

4 extra dimensions: two Higgs doublet model, and a bound
state b having the quantum numbers of a bottom-squark!

Look for ete~ — tbb or Eg, with b — tb.
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Non- Commujfofr\ve Fie\d
=Theor‘|e.s

F Pelriello TLW, T. Rizzo

Mgtivation for NCQFT:
¢ h)\'\g not © TH's ‘m'\'eres‘\"mg‘.

. 5‘\'\"'m3 Theory ¢ NCQFT arises Through abuqn'hta‘hon
of sh"mcys by o\escribing The
low- energy excitations of
D-branes in background EM tields



Non-COmmuTaTiue. Quo«r\'\'um Field Theor'\cs‘

Generalization of n-dimensional Space R"

Coordinates xu =¥ Operators S(m
[-’)ZM, %v] = L Quy = -}\L_"“;c Cuv

Spo\ce -'\"\mc. " uncerTqinTgu fg,\oﬂ'ion A;(A A;(,. > é Iam-l
Similar o AxDp 2 %— 'S

Nnc = Scale where NC becomes relevant
Most likely value for Nye 10¢

- Probably Planck scale | bul which one ©
Mg, ~ 10" GeV  vs m x TeV -

Cav = onlfi - symmefric motrix  wl elements O
Componenls are idenfical in all Frames

= breaKs LOf_en-\-z- mvarionce ot /\Nc.



Formuldtion of NC Quadfum Field '\"he.orﬂ

F‘\e\c\s Blx) =» Operq‘\'ors QA)(S‘(\ Via U)E'd\" mugn\

Correspendence

Must be careful 1o presecve oro\efins n FT!

Talroduce Fourier Transform pair

A "'K Y
B(X) = /é,—ngq BK)
B(R) = [d'x B0y e

Product of 2 Fields = Stac Product
B(X) B(RY = B00O % B(x)
d(‘K q i' A C M o
=[(375" %E)" QS(K)QS(P\EKX e PX
. e
= 86 exp{ A T 3n dy § B

= G(X\ @cﬂ + %i B‘WAA‘J bv O O(ea).,.



NCRFT =QFT with producTs =2 Stor Producls
* Moyal brackets
LA,B)lpg = AxR-B*A

with  [d'% LAGY, B(u«f]‘,,,“Es =0

NCQFT General Propechies

D Only U Lie algebras are closed under
Moyal brackels Matsubara

> NC qauge Theories only bosed on h(n)

) Q(f-z:wf'u:xr*vrm;s\.‘;i;:em.‘:,.\.!t:,E gouge nvarion! FT cemain so
(Bul SSB 7 Compbell, Kaminsks\ Sanchez - Ruiz

3 Covariont derwvatives constructed only for
fields w G=0%\

N NCRFT w/ space-space NC s Sheikh-Jabhari



Hayakow
NC QE D ﬁr;‘u\an, gndmgh'l

Riodk, Sheikh ~Tabbar
Martin, Sanches - Ruiz

-~L v
SNCQED- Y qux FA‘V * FA‘
Gouge invariant under local trans wf

Faor = 8 Ay =0 A=t L, B g

LInduccs non-abelian
terms |

* 3«U-gt functions for ¥ self -coupling

*+ inferaction vertices pick up momenta dependent
phase faclers from Fourier Yransforms

_—meoﬁ’w\f\' for collider Yests !
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= igy" exp (p1Chr)

= +2gsin (%plapz)
x[(p1 — pa)HegHi

+(p2 — pg)Hghers
3 iy L
" +ps — pu)p2go]

= +4zgg[(g#1“39i@#4 — ghibag #2#3)

x sin (p1Cp2) sin (3p3C'pa)
4_(9#1#4(]#2!43 _ giﬁmz MM)

X sin (—qu’m) sin (QPE(Y P4)
_i_(gp,mggugm gmmgﬂzm)
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pr PF
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ﬁLEVﬂﬁ%ﬂ,
n

Events per Bin

fﬂl\mamcwb

Events per Bin

Figure 3: ¢ dependence (top) and # dependence (bottom) of the ete”™ — vy cross section
for the case @ = 7/2. We use A = /5 = 500 GeV, luminosity 500 fb™", parameters relevant
for the NLC. In the top pancl a cut |z| < 0.5 has been employed. The dashed line is the SM

expectation.
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The Search for Maximal Weirdness

Joseph Lykken

Theoretical Physics Dept.
Fermilab

JE
™

LCWS 2000, 24-28 Oct, Fermilab




String Theory Unbound

To what extent can we use string theory as a

guide/prognosticator of Beyond-the-SM phenomenology?

e Problem: string theory has a huge number of stable
consistent vacuum states, giving wildly different low energy
physics.

e Some day string theory will indeed correlate in deep ways
the parameters of the effective theory that we have
measured in experiments.

e This requires understanding string theory at a more
fundamental level, as well as mapping out the moduli space
of its possible vacuum states.

- /

LCWS 2000, Fermilab Joseph Lykken
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e Meanwhile, string theory is already affecting our thinking
about Beyond the Standard Model physics. This influence

is of two types:

e Suggesting new physics possibilities or scenarios which
would seem unmotivated (i.e. wacko) otherwise.

e Making connections between new physics ideas which
seem unrelated from a conventional field theory

perspective.

e In the bottom up approach, we isolate certain aspects,
ideas, and degrees of freedom of string theory and ignore

the rest.

e This is certainly much easier than doing real string
theory, although this game can also be played in string
theory by taking advantage of special decoupling and/or
simplifying limits.

e At any rate this is a productive and probably not too

misguided strategy.

- /

LCWSE 2000, Fermilab Joseph Lykken



e Of course a prime example of this strategy are the
braneworld extra dimensions scenarios.

e These scenarios involve at least two new kinds of
Beyond-the-SM degrees of freedom:

e Kaluza-Klein (KK) modes for particles in the bulk, and

e Brane fluctuation modes.

e Experiments measure an effective KK mode spectral
density p(m?), where the KK mass m? is just the total of
the squared momentum components transverse to the
brane. This density p(m?) depends both on the geometry of
the extra dimensions, and on wave function suppression of

the couplings.

N .

LOCWS 2000, Fermilab Joseph Lykken



Compositeness and nonlocality

e Indeed this network of ideas seems to be telling us
something important about the role of compositeness and of
nonlocality:

e Interesting new versions of compositeness are popping up
in various new strong coupling regimes (B. Dobrescu; A.

Nelson and M. Strassler, N. Arkani-Hamed,...).

e Nonlocal effects on potentially observable scales are also
popping up all over (see e.g. J. Hewett's talk).

e I will discuss one unusually weird manifestation of both
these concepts...

. /

LCWSE 2000, Fermilab Joseph Lykken



Elementary particles as black holes

e Our understanding of black hole physics has greatly
advanced by considering branes as microscopic (extremal,
extra-dimensional) limits of black holes. So black holes <

branes.

e D-branes appear as special BPS solitons in certain limits
of string theory. They include D@ branes, particle-like
objects. Because they are BPS, the spectrum of n bound
D@ branes looks like a tower of evenly spaced massive
modes - in fact they are the KK modes of the 11th
dimension of M-theory. So particles < solitons < KK

modes.

e Arc all elementary particles in some sense black holes?

N J

LCOWE 2000, Fermilab Joseph Lykken



L. musskind, ...

s Suppose we consider particle collisions at superPlanckian
energies. Here “Planck” is the effective Planck scale Ad,,
which could be just a few TeV.

¢ Roughly speaking, if the impact parameter b is smaller
than or of the order of

then a black hole will form. Thus a high energy point
particle becomes an object with finite transverse “size” b.

e [ he Compton wavelength decreases with increasing

e Energy growing with size sounds like strings or branes.

LOWSE 2000, Fermilab Joseph Lykken

pnerey. winile the transverse “size’ nereases with increasing

-+ I



1

Mammal Werrdness
¢ [t now appears 1 string thecry that there are examples |
where “parficles” acquire a transverse size at high cnergies: |

e E.g. “Attack of the giant gravitons from Anti de Sitter

space” (J. McGreevy, L. Susskind, N. Toumbas). 5

¢« E.g. Wrapped branes in warped compactifications of M
theory or string theory (E. Silverstein).

In the second case, we compactily 11 dim Horava-Witten

theory on a K3 surface, and wrap a 2-brane on a cycle of
the K3 with some area Ag. The geometry is warped along

the 11th dimension (call this coordinate y).

N J

e
A

LOWS 2000, Fermalab Joseph Lykken
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e In fact, this object is neither a point particle nor a brane.

rathier 1t 1s something in between.

# You can see this by counting states. Compute the KK
modes (with respect to the warped direction y) of the
wrapped 2-brane. The scalar KK modes are the solutions of
a 1 dim Schrodinger eqn with a potential which is
approximately quadratic. The KK modes are discrete with

ey

e The number of these KK states increases like E4,
compared to n oo E for 4 point particle! On the other hand,
for a brane (or any extended object), the number of states
increase exponentially with energy.

e [hese new objects are called elastic states {nvlons),

N ' Y

LCWS 2000, Fermilab Jaseph Lykken



Phenomenology

e Could there be accessible regimes where what you
thought were point particles turn into nylons?

e Linear colliders are a good wayv to look for this!

» Note this is not like the usual quark/lepton

compositeness, since there (presumably) aren’t any bound
pointlike constituents. You don’t necessarily generate the
4-fermion terms of Eichten-Lane-Peskin, just form factors:

der ) oS FHO% . F )
——— ok -._.” ﬁ 4;. f ( o u ’ - }_ i ffif' ‘ ‘l
where
Y (J o= 1+ = .{J “ R

The current best limits on this “electron radius™ appear to
be from LEP (D. Bourilkov):

.

LCWE 2000, Fermailab Joseph Lykken
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